Physiology & Behavior 139 (2015) 442-448 


= 


Contents lists available at ScienceDirect 


Physiology 


Physiology & Behavior 


journal homepage: www.elsevier.com/locate/phb 


High versus low fat/sugar food affects the behavioral, but not the cortisol 
response of marmoset monkeys in a conditioned-place-preference task 


® CrossMark 


R.B.M. Duarte ?, E. Patrono ”, A.C. Borges €, C. Tomaz °, R. Ventura ©¢, A. Gasbarri "S, 
S. Puglisi-Allegra ©, M. Barros ®* 


* Primate Center and Department of Physiological Sciences, Institute of Biology, University of Brasilia, CEP 70910-900 Brasilia, DF, Brazil 
> Department of Biotechnological and Applied Clinical Sciences, University of L'Aquila, 67100 L'Aquila, Italy 

€ Santa Lucia Foundation IRCCS, via del Fosso di Fiorano 65, 00143 Rome, Italy 

4 Department of Psychology and Research Center “Daniel Bovet”, Sapienza University, via dei Marsi 78, 00185 Rome, Italy 

€ Department of Pharmaceutical Sciences, School of Health Sciences, University of Brasilia, CEP 70910-900 Brasilia, DF, Brazil 


HIGHLIGHTS 


* Consumption of chocolate induced a CPP effect in the marmosets. 

e CPP was associated with foraging time, not amount of calories ingested. 
e The CPP response was not predicted by baseline behaviors or cortisol. 

e Absence of food increased anxiety behavior, but not cortisol levels. 
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The effect of a high (chocolate) versus low fat/sugar (chow) food on a conditioned-place-preference (CPP) task 
was evaluated in marmoset monkeys. Anxiety-related behaviors and cortisol levels before and after the CPP 
task were also measured. Subjects were habituated to a two-compartment CPP box and then, on alternate 
days, had access to only one compartment during daily 15-min conditionings, for a total of 14 trials. Marmosets 
were provisioned with chocolate chips in the CC-paired compartment on odd-numbered trials and standard 
Keywords: chow in the CW-paired compartment on even-numbered trials. They were then tested for preferring the CC- 
Chocolate paired context after a 24-h interval. During the conditioning, a significantly greater amount (in kcal/trial) of choc- 
Chow olate was consumed than chow, yet the foraging pattern of both food types was similar. On the test trial, the time 
Place-conditioning spent in the CC-paired context increased significantly compared to pre-CPP levels, yet this response was not read- 
Cortisol ily predicted by baseline behavioral or cortisol levels. Also, the chocolate CPP response was positively correlated 
Marmoset with foraging time, rather than the amount of calories consumed. The sudden absence of the food increased ex- 
ploration, while the chocolate CPP effect was associated with vigilance — both anxiety-related behaviors in mar- 
mosets. This behavioral profile occurred regardless of any concomitant change or correlation with cortisol. 
Therefore, the high fat/sugar food was more prone to be overly consumed by the marmosets, to induce a CPP re- 
sponse and to lead to anxiety-related behavior in its absence. 


© 2014 Published by Elsevier Inc. 


1. Introduction 


The control of ingestive behavior is exerted by a complex interaction 
between homeostatic (or allostasis) gut-brain mechanisms and reward- 
associated circuits [1-3]. Food is actually a natural rewarding stimulus, 
having both hedonic (‘liking’) and motivational (‘wanting’) elements 
[2]. However, primary physiological homeostatic circuits may be 
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entirely overridden by the brain's reward system, particularly when it 
becomes overactivated by an excessive consumption of highly palatable 
foods [1,4]. Such a biased control contributes, among other aspects, to 
the development of food-addiction-related behaviors via mechanisms 
that are decidedly similar to that of more putative rewards (i.e., drugs; 
reviewed in [5]). Foods with high levels of fat, sugar, salt and/or artificial 
flavors and additives are perceived as ‘hyperpalatable’ and are poten- 
tially more prone to induce a food-addiction state than traditional/ 
wholesome items (i.e., fresh fruits and vegetables; [6]), particularly 
under specific restricted feeding schedules [7]. 
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In rodents, hyperpalatable foods are reported to induce self- 
administration [8], compulsive binge-type behavior [9], environmental- 
ly-triggered conditioned responses [10], behavioral signs of withdrawal 
[11], re-instatement of extinguished responding [10,12], cross- 
sensitization with drugs of abuse [13] and persistent food-seeking de- 
spite negative consequences [14,15]. They also trigger long-lasting 
neuroadaptive responses in dopamine signaling within the brain's 
reward system [14,16]. On the other hand, less-palatable items 
(e.g., regular diet/chow) seem to have lower hedonic properties, are 
not usually overly-consumed, can be regulated effectively by typical ho- 
meostatic signaling and have a minor long-term impact on mesolimbic 
dopamine neurotransmission [14,17,18]. 

Be that as it may, only few studies have focused on the rewarding 
properties of food using nonhuman primates (NHP) [19-22]. They are 
highly suitable subjects for a more translational approach to humans 
considering that, within the reward system, dopamine differs between 
rodents and NHPs, particularly in terms of connectivity and prenatal de- 
velopment [23-25], release and uptake [26], genetic homology of the 
sinaptosomal transporter [27] and receptor density/distribution [28]. 
Recently, both food [19,21,22] and addictive drugs [29,30] were found 
to induce a conditioned-place-preference (CPP) in NHPs. This effect is 
based on an associatively-learned preference for certain locations that 
is acquired in response to experiencing a rewarding agent at that 
same location [31,32]. Chocolate was recently found to induce a lasting 
CPP memory in marmosets [19], but control animals were not exposed 
to any food item. Thus, the effect of high versus low fat/sugar (palatable) 
foods have yet to be determined in NHPs. Here we evaluated whether 
marmoset monkeys acquire a conditioned preference for the location 
where they consumed a high (chocolate) versus less-palatable food 
(chow). Chocolate was used, as in humans it has an elevated hedonic 
rating [33,34] and prominent craving-inducing property [35], while in 
animals it activates reward circuits when voluntarily consumed [15, 
36,37]. Behavioral indicators of anxiety and cortisol levels were also 
measured before and after the CPP task. Stress is an important factor 
that regulates food intake and contributes to addiction-like behaviors 
[38]. 


2. Materials and methods 
2.1. Subjects and housing conditions 


Six adult captive black tufted-ear marmosets (Callithrix penicillata; 
3 males, 3 females) were used, weighing 290-390 g at the beginning 
of the study. They were housed in pairs, within separate home- 
cages, at the Primate Center of the University of Brasilia in cages 
(2 x 1 x 2 m each) of a same colony room. This room consisted of 
a semi-outdoor/indoor housing system with two parallel rows of 
12 cages each, separated by a common wire-mesh enclosed central cor- 
ridor. The animals were thus exposed to natural light, temperature and 
humidity conditions. Fresh food was provided at 07:00 h and removed 
17:00 h, consisting of a mixture of pieces of fruits and vegetables. Boiled 
eggs, nuts and/or cooked chicken breast were given several times a 
week. Water and dry food pellets (chow) were available ad libitum. 
The same chow also served as the less-palatable food (see Behavioral 
procedure and analyses below). Animals were not food or water de- 
prived, except during specific trials also indicated in the procedure 
below. For further housing conditions see [21]. These complied with 
the regulations of the Brazilian Institute of Environment and Renewable 
Natural Resources (IBAMA). 


2.2. Apparatus and experimental set-up 


Testing was conducted in a two-compartment CPP box, suspended 
1 m from the floor. For each compartment (60 x 60 x 35 cm), three 
walls and the floor were made of aluminum, whereas glass was used 
for the fourth wall and the top. However, each compartment had different 


visual and tactile cues: one was white with a smooth surface, whereas the 
other had black and white diagonal stripes with a rough surface. The alu- 
minum wall that divided the CPP box into two compartments consisted of 
a horizontally-sliding door. If retracted, it gave subjects direct access to 
both sides of the apparatus. Each compartment, however, had an inde- 
pendent entry/exit point consisting of a horizontally-sliding door located 
on the aluminum side directly opposite the glass wall. Attached to the ap- 
paratus, and encompassing both access doors, was a common aluminum 
antechamber (15 x 10 x 35 cm). Subjects could only access the compart- 
ments' sliding doors and enter the respective compartment via this com- 
mon antechamber, which in turn had a guillotine-type door as its access 
point. In addition, a stainless-steel bowl (9 cm diameter, 5 cm height) 
was placed on a metal support fixed to the floor of each compartment 
and thus could not be displaced by the marmosets. Each bowl was located 
in the corner opposite to the compartment's access point. These bowls 
were used for placing food rewards on specific trials (see Behavioral 
procedure and analyses below). 

The CPP box was set-up in a test-room 50 m away from the colony 
facility. Subjects were transported between their home-cages and the 
test-room via a transport-cage (35 x 20 x 23 cm). This aluminum box 
prevented them from seeing their surrounding and attached directly 
to the guillotine-type door of the CPP box's antechamber. The apparatus 
was monitored via a closed-circuit system using two digital cameras 
(Fire-i, Unibrain, USA): one was mounted 1.5 m above the CPP box 
and the other was set 1.5 m in front of its glass wall. These provided a 
top- and side-view, respectively. Both cameras were connected to a lap- 
top, placed in an observation-room adjacent to the test-room, on which 
all tracking and behavioral recordings took place. 


2.3. Behavioral procedure and analyses 


Marmosets were submitted to a CPP protocol similar to that used in 
previous studies in this NHP [19,21,39]. Each marmoset was initially 
submitted to a daily 15-min habituation trial in the CPP box on three 
consecutive days. On these three trials, food was not provided in either 
compartment and the common sliding-wall was kept partially 
retracted, thus providing a direct 20-cm passage between compart- 
ments. As a general innate preference for either context was not ob- 
served, an unbiased apparatus design was used during the subsequent 
phases. 

The marmosets were then submitted to a daily 15-min conditioning 
trial in the CPP box during 14 consecutive days. On these trials the com- 
mon sliding-wall remained shut at all times with no direct connection 
between the two compartments. Accordingly, on alternate days, each 
marmoset was given access to either the white or striped compartment. 
On odd-numbered trials (i.e., days 1, 3, 5, 7,9, 11 and 13) 50 g of choc- 
olate chips were provided in the food bowl of the open compartment — 
chocolate-chip paired context (CC-paired). On even-numbered trials 
(i.e., days 2, 4, 6, 8, 10, 12 and 14), 50 g of regular chow were provided 
in the food bowl of the opposite compartment — chow-paired context 
(CW-paired). Half of the subjects were arbitrarily conditioned to choco- 
late in the white context and chow in the striped compartment, while 
the other half was chocolate/chow conditioned in the opposite context. 
The chocolate chips contained 5.32 kcal/g: 0.64 g carbohydrate, 0.29 g 
fat, 0.04 g protein, and 0.03 g fiber (Chipshow milk chocolate, Harald, 
São Paulo, Brazil) and chow had 3.87 kcal/g: 0.0 g carbohydrate, 0.09 g 
fat, 0.31 g protein, and 0.04 g fiber (Purina cat chow, Nestlé, Ribeirão 
Preto, Brazil). Also, the regular daily diet was removed from the sub- 
jects' home-cages 2 to 4-h prior to each session. 

To determine if a place-preference response was acquired, all sub- 
jects were subsequently submitted to a single 15-min test trial in the 
CPP box, 24-h after the last conditioning. During this trial, each marmo- 
set could once again simultaneously access both compartments, as the 
common sliding-wall was kept partially retracted. Food was not provid- 
ed in either context during the test trial. 
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For all trials, each animal was captured in its home-cage, placed in 
the transport-cage and taken to the test-room where it was released 
into the antechamber of the CPP box. Upon entry into a compartment, 
access to the antechamber was blocked off and a 15-min trial began. 
At the end of this interval, the subject was returned to its home-cage 
via the transport-cage. Between trials the CPP box was cleaned with 
70% alcohol and after each conditioning session any leftover food was 
retrieved and weighed. On each day, subjects were tested in random 
order and all sessions held between 13:30-17:00 h. 

For each trial, the AnyMaze software (Stoelting Co., USA) automati- 
cally tracked via the top-view camera the marmosets’ total distance 
and average speed traveled within the CPP box, as well as the time 
spent in each compartment. In addition, an experienced observer with 
a 95% intra-rater reliability, manually scored on the same program the 
following behaviors using the side-view camera: (1) Vigilance, the du- 
ration of continuous sweeping upward or downward movements of 
the head while stationary; (2) Exploration, the frequency of smelling 
and/or licking any part of the CPP box; and (3) Foraging, the frequency 
and duration of actively seeking, smelling, licking, manipulating and/or 
chewing a food item (chocolate, chow). The behavioral parameters 
were based on previous studies in this species [39,40] and published 
ethograms [41]. The levels of locomotion, vigilance and exploration 
were used as behavioral indicators of anxiety (e.g., [39]). The amount 
of chocolate and chow consumed in kcal on each conditioning trial 
was calculated, based on the amount ingested in grams. As the amount 
of chocolate/chow consumed and foraging behavior were consistent 
over the course of the seven conditioning trials, we also calculated the 
average food consumption and foraging rate per trial for each item. 
The marmosets’ body weight was also recorded before and after the be- 
havioral protocol. All the procedures described herein were approved 
by the Animal Ethics Committee of the University of Brasilia (no. 
43392/2012) and complied with the Brazilian National Council for Con- 
trol of Animal Experimentation (CONCEA) and NIH guidelines for care 
and use of laboratory animals. 


2.4. Blood sampling and cortisol assay 


Three blood samples were obtained from each marmoset as follows: 
(1) prior to the behavioral procedure (baseline, BL); (2) immediately 
after the test trial (post-test, PTO); and (3) seven days after the test 
trial (PT7). All samples were obtained in the presence of the Primate 
Center's veterinarian, from 13:30 to 17:00 h. This time interval mini- 
mized the impact of diurnal fluctuations in marmosets, with cortisol 
having peak levels at approximately 08:00 h and stable nadir values 
during the afternoon [42,43]. The sample time also corresponded to 
that of the behavioral testing, as sample PTO was collected immediately 
after each subjects’ individual trial. Samples BL and PT7 were also ob- 
tained during the sample time period. 

For each sample, the marmoset was quickly captured in its respec- 
tive home-cage with the aid of a net (samples BL and PT7) or in the 
transportation-cage at the end of its behavioral trial (sample PTO). The 
animal was then taken to a procedure room adjacent to the colony facil- 
ity where it was anesthetized with isoflurane by inhalation using a uni- 
versal vaporizer. A 1 mL blood sample was obtained via femoral 
venipuncture. It was immediately transferred to a 4 mL chilled vial con- 
taining clot-promoting additives and a gel barrier (Vacuette, Brazil) for 
total serum analyses. After its recovery (1-2 min), the subject was re- 
leased back into its home-cage, monitored during 15-30 min and 
given iron supplements. The total duration of the sampling procedure 
(i.e., time elapsed between entering the home-cage or capture in the 
transportation-cage and the end of the venipuncture) was recorded to 
assess for a possible influence of this procedure on the hormone con- 
tent. On average, the time required to obtain the samples (3.5 + 
0.4 min) was within an interval previously reported not to exert a signif- 
icant influence on cortisol assays in marmosets [44]. However, 
isoflurane may alter cortisol concentration in both animals and humans, 


yet this effect is only significant during long-term exposure/procedures 
(>30-min) [45,46]. 

Each blood sample was centrifuged at 3.000 rpm, for 5 min and at 
room temperature. The serum was transferred to a polypropylene vial 
and diluted to 1:50 with hormone-free diluent (L2M1Z; Diagnostic 
Products Corp., Los Angeles, CA, USA). Dilution factor was based on a 
previous study in this species using the same blood sampling and anal- 
yses procedure [47]. The diluted serum was then analyzed for cortisol 
content by single chemiluminescence enzyme-immunoassay (CLEIA) 
using a commercial kit for the automated IMMULITE 2000 system 
(L2KCO6; Diagnostic Products Corp., Los Angeles, CA, USA). Cortisol 
assay sensitivity was 0.20 ng/dL, and inter- and intra-assay coefficients 
of variation from pooled serum were 9.4% and 7.4%, respectively. 


2.5. Statistical analysis 


Data from males and females were pooled together as significant dif- 
ferences in gender were not observed. The paired t-test was used for the 
following analyses: (1) differences in locomotor, vigilance and explor- 
atory pattern between the first (H1) and last (H3) habituation session, 
as only a general response pattern was necessary to establish a habitu- 
ation effect to the novel CPP box; (2) comparison between the time 
spent in each compartment prior to conditioning (H3 trial); (3) differ- 
ences in the amount of food consumed and foraging behavior between 
the first and last conditioning trials for each type of food; (4) compari- 
sons between the two types of food tested in terms of the average con- 
sumption and foraging rates per trial; (5) differences in anxiety-related 
behaviors seen before (trial H3) and after the food-conditioning (test 
trial); and (6) body weight scored before and after the experimental 
procedure. In addition, the time marmosets spent in each compartment 
before and after the CPP task was analyzed using a two-way repeated 
measures analysis of variance (RM ANOVA), with compartment (CC x 
CW-paired) and experimental phase (pre- x post-CPP) as variables. 
The cortisol content was analyzed for possible between-sample effects 
using a one-way RM ANOVA (samples BL x PTO x PT7). For both types 
of ANOVAs, subsequent comparisons were performed using Tukey's 
test whenever significant results were obtained. 

In addition, via calculation of the Pearson's correlation coefficient, 
the time spent in the CC-paired context during the test trial was corre- 
lated with: (1) the average amount of chocolate consumed per trial in 
this compartment; (2) the average time spent foraging per trial in this 
same compartment; (3) baseline pre-CPP rates of locomotion, vigilance 
(trial H3) and cortisol (sample BL); and (4) post-CPP levels of locomo- 
tion, vigilance, exploration (test trial) and cortisol (samples PTO and 
PT7). Using the same test, the cortisol levels seen on each sample 
were also correlated with the corresponding time required to obtain 
the blood sample. Significance level for all tests was set at p < 0.05 
and all statistical values are based on two-tailed results. 


3. Results 


When the marmosets were initially exposed to both compartments 
of the CPP box, in the absence of any food reward, significant changes in 
their behavioral response were not seen when comparing the first and 


Table 1 
Marmosets' behavioral profile observed (mean + SEM) in the CPP box on the first (H1) 
and last (H3) habituation trial and on the test session held after the food-conditioning. 


Behavior Experimental trial 

H1 H3 Test 
Distance traveled (in meters) 32 £5 41+ 10 3446 
Average speed (m/s) 0.03 + 0.01 0.05 + 0.01 0.04 + 0.01 
Vigilance duration (s) 441451 450 + 56 501 + 38 
Exploration frequency 22+2 3347 50 + 6° 


* p< 0.05 test vs. H3 exploration. 
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last habituation trials (H1 x H3; distance traveled: ts = — 0.74, p = 
0.50; average speed: ts = — 1.28, p = 0.26; vigilance: ts = — 0.12, 
p = 0.91; exploration: ts = — 1.23; p = 0.28; Table 1). They also 
did not have an initial preference for either side of the apparatus. On 
the last habituation trial, a significant difference between the time 
spent in the CC- and CW-paired compartments was not observed 
(ts = — 0.23, p = 0.83; Fig. 1). 

During the conditioning trials, the amount of food consumed (in 
kcal) and foraging behavior did not differ significantly when the first 
and last trials were compared (chow-consumption: ts = 1.91, p = 
0.11; forage frequency: ts = 0.70, p = 0.51; forage duration: ts = 
— 0.25, p = 0.81; chocolate-consumption: ts = 1.14, p = 0.31; forage 
frequency: ts = — 0.86, p = 0.43; forage duration: ts = — 0.11, p = 
0.91; Table 2). However, the average amount of chocolate ingested in 
kcal per trial was significantly greater than that of chow (ts = 2.53, 
p < 0.04; chow: 0.8 + 0.4, chocolate: 1.2 + 0.4, mean + sem in 
grams/trial; Fig. 2), even if the foraging pattern for both food items 
was equivalent (frequency: ts = 1.30, p = 0.25; duration: ts = 1.00, 
p = 0.36; Fig. 2). 
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Fig. 1. Top: the time marmosets spent (mean + SEM; in seconds) in the chow- (CW) and 
chocolate-paired compartments (CC) of the CPP box before (pre-CPP; habituation trial 
3) and after (post-CPP; test trial) they repeatedly consumed each respective food-type 
at that location. Middle: Relationship between the time spent in the CC-paired compart- 
ment during the test trial (mean + SEM; in seconds) and foraging time during the preced- 
ing conditioning trials (in seconds/trial). Bottom: Relationship between the time spent in 
the CC-paired compartment during the test trial (mean + SEM; in seconds) and vigilance 
time in the CPP box during the test trial (in seconds). n = 6; *p < 0.05 pre-CPP levels. 


Table 2 
Food consumption and foraging behavior (mean + SEM) of each item tested on its re- 
spective first and last conditioning trial. 


Parameter Conditioning trial 


1 7 


Low sugar/fat food: chow 


Consumption in kcal (in grams) 2.7 + 1.2 (0.7 + 0.3) 1.6 + 0.7 (0.4 + 0.2) 
Foraging frequency 1443 1544 

Foraging duration (s) 88 + 15 98 + 33 

High sugar/fat food: chocolate 

Consumption in kcal (in grams) 10.3 + 5.0 (1.9 + 0.9) 63+ 3.1 (1.2 + 0.6) 
Foraging frequency 132 1745 

Foraging duration (s) 138 + 38 143 + 35 


On the test trial, when a food reward was again not provided, the 
time spent in the CC-and CW-paired compartments significantly in- 
creased and decreased, respectively, compared to pre-conditioning 
levels seen on the last habituation trial (experimental-phase effect: 
Fı,s = 10.96, p < 0.05; food-type effect: F45 = 1.30, p = 0.31; phase x 
food-type interaction: F45 = 3.41, p = 0.12; Fig. 1). Also, the time 
spent in the CC-paired compartment during the test trial was positively 
correlated with the average time spent foraging in this same location 
during the preceding conditioning trials (r = 0.86, p < 0.05; Fig. 1). No 
effect was seen when this same parameter was correlated with the av- 
erage amount of food consumed per trial in the CC-paired context dur- 
ing the conditionings (r = 0.74, p = 0.10). In terms of the anxiety- 
related behaviors scored before and after the conditioning task, a signif- 
icant effect was seen only for exploratory activity. This response in- 
creased significantly after the conditioning compared to pre-CPP levels 
(H3 x test trial; exploration: ts = — 5.36, p < 0.05; distance: ts = 
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Fig. 2. Mean (-+ SEM) amount of food consumed (in kcal/trial; top), as well as the average 
foraging bout frequency (middle) and duration (in seconds; bottom) per trial during the 
conditioning phase of the study. For each parameter, data correspond to the calculated av- 
erage rate of the seven 15-min conditioning trials. On alternate days chocolate (choco) 
was provided in the CC-paired compartment and chow in the opposite CW-paired context. 
n = 6; *p<0.05 chocolate vs. chow. 
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0.63, p = 0.56; speed: ts = 0.56, p = 0.60; vigilance: ts = — 1.40, p = 
0.22; Table 1). Interestingly, post-CPP vigilance rates were positively 
correlated with the time spent in the CC-paired compartment on the 
test trial, whereas no significant correlation was seen for the remaining 
anxiety-related behaviors (vigilance: r = 0.81, p = 0.05; distance: r = 
— 0.40, p = 0.32; speed: r = —0.42, p = 0.40; exploration: r = 
— 0.77, p = 0.07; Fig. 2). 

Cortisol concentrations remained constant during the course of the 
experiment (F25 = 1.36, p = 0.30; Fig. 3), with the content detected 
not being significantly correlated with the time required to obtain the 
blood samples (BL — r = 0.22, p = 0.67; PTO — r = — 0.70, p = 0.12; 
PT7 —r = — 0.75, p = 0.10). On average, the blood samples were ob- 
tained within 3.5 + 0.4 min of entering the home-cage (sample BL) or 
capturing the subject in the apparatus following the behavioral trial 
(samples PTO and PT7). Furthermore, cortisol concentrations on both 
post-CPP samples - PTO and PT7 - were not correlated with the time 
spent in the CC-paired compartment during the test trial (PTO sample: 
r = — 0.08, p = 0.88; PT7 sample: r = 0.21, p = 0.69). 

Finally, the time spent in the CC-paired compartment was not corre- 
lated with the initial baseline rates (trial H3) of any of the anxiety- 
related behaviors measured or with baseline cortisol concentrations 
(distance: r = — 0.13, p = 0.80; vigilance: r = 0.69, p = 0.13; explora- 
tion: r = — 0.64, p = 0.18; cortisol: r = — 0.28, p = 0.60). Also, in terms 
of body weight, significant differences were not detected between the 
values measured before and after the experimental procedure (ts = 
0.87, p = 0.42; initial weight: 331 + 14, final weight: 322 + 11, 
mean + sem in grams). 


4. Discussion 


After repeatedly consuming a high versus low fat/sugar (palatable) 
food, each at a different location of the apparatus, marmosets developed 
a significant CPP response for the former item. During the post-CPP test 
trial, the time spent in the CC-paired compartment increased signifi- 
cantly compared to pre-CPP levels seen during the last habituation 
session. Prior to the food-conditioning, a general preference for either 
side of the apparatus was not detected. Also, the marmosets were not 
food-deprived (except for the 2-4 h period prior to each session), and 
differences in consumption and foraging behavior for each food item 
were not detected between the first and last conditioning trials, indicat- 
ing a constant motivational drive for both items tested. However, the 
average amount of chocolate ingested (in kcal/trial) was significantly 
greater than that of chow, even if marmosets had a similar foraging 
pattern per trial for both items. On the other hand, dwell time in the 
CC-paired side of the apparatus during the test trial was positively cor- 
related with foraging time per trial and not with the amount of food 
ingested (in kcal/trial). Therefore, procurement, manipulation and/or 
chewing (taste), rather than the number of calories per se, may be a 
key aspect of the stimulus in our NHP food-CPP task, similar to reports 
in rodents [48]. Also, baseline levels of locomotion, vigilance, explorato- 
ry activity and cortisol were not predictive of the marmosets’ chocolate- 


200 


100 


Cortisol (g/dL) 


BL PTO PT7 


Fig. 3. Cortisol levels (mean + SEM) observed in the marmosets prior to the experimental 
procedure (BL), as well as immediately (PTO) and seven days after the test trial (PT7); 
n=6. 


induced CPP effect. In rodents, baseline behaviors have been reported to 
predict a cocaine-induced CPP [49]. 

Chocolate-related rewards have induced a similar CPP response in 
rodents [10,15,36,37,50-52]. In humans, its positive orosensory proper- 
ties (i.e., flavor, aroma and texture; reviewed in [34]), high fat/sugar 
content and/or psychoactive constituents [33,34,53,54] activate both in- 
gestive and reward-associated neural circuits that contribute to the he- 
donic property classically attributed by man to this food item [33,34]. 
Chocolate is one of the most craving-inducing foods, particularly 
among women (e.g., [55]). In marmoset, its palatability has yet to be 
specifically assessed, although Duarte et al. [19] found it to be easily ac- 
cepted by all subjects tested. Other types of hyperpalatable foods with 
high fat/sugar content, rather than chow, have also induced cue- 
triggered conditioned responding in rodents in a CPP test [17,56,57], 
while in different behavioral paradigms they were preferably consumed 
over more traditional and/or nutritional items in rodents [8,58,59], pri- 
mates [60-62] and humans (reviewed in [63]). The pattern of cortical 
and limbic activation [64] and long-term signaling of several neuro- 
transmitter systems, including dopamine, also differs between these 
two general food categories (reviewed in [16,58]). However, under spe- 
cific experimental conditions - such as stress, restricted access and prior 
food-restriction - less-palatable low fat/sugar foods may induce 
addition-like behaviors (e.g., [65]). Corwin and Grigson [7] have even 
suggested that hyperpalatable foods are not inherently addictive; they 
become so over several weeks of restricted feeding schedules. There is 
accumulating evidence that under such feeding regimes, high fat/ 
sugar foods can induce compulsive binge-like eating in both rodents 
(e.g., [9,58]) and primates (e.g., [61]), similar to the escalating intake 
pattern of addictive drugs. In our marmosets, even though access 
was restricted (15-min; alternate days) for several days, consump- 
tion of both food types was consistent over trials, and thus does not 
correspond to this addictive-like behavior. Number of exposures 
(days x weeks), access time (15 x 30-min) and/or feeding schedule 
(alternating days x 2-3 times/week) may have been methodological 
factors that contributed to our present results. Nonetheless, energy-dense 
diets interfere with hippocampal-dependent learning, attenuating an 
individual's ability to refrain from responding to food-related environ- 
mental cues, even when there is no decrease in energy stores [66]. 
Contextual-cue learning related to hyperpalatable foods, such as that 
seen in our marmosets, may trigger a relapse into overeating that is typ- 
ically associated with weight gain and obesity, which in turn also links 
the latter to addictive-like behaviors [5,17]. 

Stress is another key factor that can regulate food intake and/or con- 
tribute to addiction-like behaviors [38]. Deliberately or involuntarily 
refraining from eating high fat/sugar foods leads to negative mood 
states in humans (e.g., chocolate — [33]) and induces the release of 
the stress hormone cortisol by the hypothalamic-pituitary—adrenal 
(HPA) axis, which in turn may contribute to food craving and addiction 
[5,38]. Although cortisol concentrations remained constant in our 
present study, exploratory activity - but not locomotion or vigilance - 
increased significantly after the food-conditioning task compared to 
pre-CPP levels. These behaviors have been associated with anxiety 
levels in marmosets (e.g., [39]). Interestingly, during the test trial, the 
marmosets with the highest chocolate CPP response were also the 
most vigilant ones, while post-CPP locomotion, exploration and cortisol 
were not correlated with the induced CPP effect. Accordingly, the sud- 
den absence of a food reward - particularly chocolate - may have in- 
duced an acute anxiety response in the marmosets. While these NHPs 
do seem to learn to predict the availability of food rewards [21], similar 
to other animals [67] and to humans [68], a dissociation between the 
hormonal and behavioral response to stress/anxiety [69] and addiction 
[40] has also been reported. These results should be interpreted 
cautiously, since cortisol was not presently measured during the condi- 
tioning phase in order to reduce the discomfort of the repeated veni- 
puncture procedure. The consumption of high fat/sugar foods induces, 
in itself, neuroadaptations in the HPA axis [11,70]. However, the cortisol 
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levels observed were not correlated with the sample procedure and 
were at concentrations similar to previous reports in marmosets [71]. 
Further studies are warranted to better elucidate this behavioral/hor- 
monal interaction in NHPs. 

In summary, the repeated consumption of a (palatable) high fat/ 
sugar food induced a CPP response in the marmosets. This effect could 
not be predicted by baseline behavioral or hormonal levels. It was, how- 
ever, positively associated with foraging time, rather than the amount 
of calories effectively consumed. It is important to emphasize that the 
CPP task can readily indicate the potentiality of a stimulus as being re- 
warding, yet this may not necessarily represent an addiction-like be- 
havior [31], particularly when evaluating natural (food) rewards. In 
this sense, chocolate may be perceived by NHPs as a high-value reward 
that may have a high propensity to be overeaten and induce contextual- 
conditioning, similar to reports in humans [33]. The overconsumption of 
energy-dense diets is rapidly becoming a maladaptive feeding behavior 
in our present ‘obesigenic’ environment, where low-cost highly-caloric 
palatable foods are readily available [4]. Such feeding pattern, together 
with its learned contextual cues, seems to contribute to the high inci- 
dences and/or relapse of obesity [72] and eating disorders [9]. In addi- 
tion, the sudden absence of the food reward induced anxiety-like 
behaviors (i.e., exploration) in the marmosets that were not accompa- 
nied by changes in the stress hormone cortisol. NHPs may thus consti- 
tute a unique animal model for investigating different facets of the 
complex myriad of responses associated with the overconsumption of 
hyperpalatable foods and its consequential detrimental effects. 
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